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Effect of dithiothreitol on mercuric chloride- and uranyl nitrate-
induced acute renal failure in the rat. The current study was under-
taken to examine the effects of dithiothreitol (DTT), a sulfhydryl-
reducing agent and heavy metal chelator, on the course of heavy
metal-induced acute renal failure in the rat. Groups of rats in
metabolic cages received uranyl nitrate (UN) alone, UN plus DTT,
mercuric chloride (HgCl2) alone, and HgCI2 plus DTT. UN in-
jected alone produced azotemia, decreased creatinine clearance,
and rising fractional sodium excretion over the 48 hr of study.
These effects of UN on renal function were not observed when
DTT was administered 30 mm after UN injection. Qualitatively
similar results were obtained with HgCl2-induced acute renal fail-
ure. Groups of rats were killed at 6 hr after UN alone, UN plus
DTT, HgCl2 alone, or HgCl2 plus DTT; and determinations of
plasma renin activity (PRA) and renin activities of the superficial
and deep juxtaglomerular apparatus (JGA) were performed.
PRA's and JGA renins were increased in animals receiving either
UN or HgCI2 alone, but not in the rats receiving both DTT and
UN or HgCl2. The effect of DTT on distribution of 203Hg was also
examined. Treatment with DTT did not alter the renal accumula-
tion of 203Hg, suggesting that this agent does not act by limiting
renal exposure to the heavy metals. Thus, DTT ameliorates the
course of heavy metal-induced ARF, and this effect is associated
with prevention of heavy metal-induced alterations in sodium ex-
cretion and renin-angiotensin system activity.
Effet du dithiothreitol sur l'insuffisance rénale aiguë déterminée
chez le rat par le nitrate d'uranyl et l'HgCI2. Ce travail a été
entrepris pour étudier les effets du dithiothreitol (DTT), agent
réducteur des groupements sulfhydryl et chélateur des métaux
lourds, sur l'évolution de l'insuffisance rénale aiguë déterminée
chez Ic rat par les métaux lourds. Des groupes de rats places en
cages metaboliques ont recu soit seulement du nitrate d'uranyl
(UN), soit UN + DTT, soit HgCl2 seul, soit HgCl, + DTT. UN
seul produit une hyperazotémie, une diminution de Ia clearance de
Ia créatinine et une augmentation de l'excrCtion fractionnelle de
sodium pendant 48 hr de l'Ctude. Les effets de UN sur Ia fonction
rCnale ne sont pas observes si DTT est administrC 30 mm après UN.
Qualitativement les mCmès résultats sont obtenus dans l'insuffisance
rénale aiguë induite par HgCI2. Des groupes de rats ont été sacriflés
a Ia 6e hr après UN seul, UN + DTT, HgCI2 seul ou HgCI2 + DTT
et !'on a dose l'activité rénine plasmatique (PRA) et les activitCs
rénine des appareils juxta-glomCrulaires (JGA) superficiels et pro-
fonds. Les activités n'étaient augmentées que chez les rats qui
avaient recu soit UN soit HgCl seuls mais par chez les rats traités
par DTT et UN ou HgCI2. L'effet de DTT sur Ia distribution de
'°3Hg a été étudié. Le traitement par DTT ne modifie pas
I'accumulation rCnale de 203Hg, cc qui suggère que cet agent n'agit
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pas par Ia limitation de l'exposition du rein aux métaux lourds.
Ainsi OTT améliore I'évolution de I'ARF due au metal lourd et cet
effet est associC a l'empêchement des modifications, induites par Ic
metal lourd, de l'excrétion de sodium et de l'activité du système
rénine-angiotensine.
Heavy metals have been extensively used to study
the pathophysiology of acute renal failure. Previous
studies from this laboratory have characterized the
alterations in renal function and renal hemodynamics
in heavy metal-induced acute renal failure [1—5].
Based on the results of these studies, we proposed
that activation of a tubulogiomerular feedback mech-
anism mediates the acute renal failure induced by
heavy metals [6]. According to this proposal, it has
been suggested that alterations in fluid and electrolyte
absorption in proximal nephron segments, as a direct
effect of heavy metals, may result in altered tubule
fluid composition at the macula densa. As a result of
this altered tubule fluid signal, there is activation of
the renin-angiotensin system, which results in the
subsequent changes in renal hemodynamics and renal
function. We have recently demonstrated that the
inhibitory effects of both uranyl nitrate and mercuric
chloride (HgCl2) on sodium reabsorption by the
urinary bladder of the freshwater turtle can be re-
versed with dithiothreitol [71. The current study was
undertaken to examine the effects of dithiothreitol, a
sulhydryl-reducing agent and heavy metal chelator
[8], on the course of heavy metal-induced acute renal
failure in the rat.
Methods
Sprague-Dawley rats, weighing 250 to 300 g and
fed a standard rat chow, were used throughout the
studies. Acute renal failure was induced by the sub-
cutaneous injection of either uranyl nitrate (UN), 10
mg/kg of body wt (10 mg/mi of saline), or mercuric
chloride (HgCl2), 4 mg/kg of body wt (4 mg/mI of
saline). To facilitate urine collections during clear-
ance and 203HgCl2 studies, the rats were placed in
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metabolic cages and were given to drink a 3% glucose
solution instead of tap water. Administration of glu-
cose solution did not alter the course of UN- or
HgCl2-induced acute renal failure, judged by the re-
sulting degree of azotemia. Similar results have been
observed previously [9]. Concentrations of sodium
and creatinine in plasma and urine and blood urea
nitrogen (BUN) concentration were determined as
previously described [1]. Creatinine clearance (Ccr)
and fractional sodium excretion (FENH+) were calcu-
lated in the standard manner. Determinations of re-
nm activity in plasma (PRA) and juxtaglomerular
apparatus (JGA) were performed using a radio-
immunoassay for generated angiotensin 1 [10]. Val-
ues are expressed as mean SEM for each group of
studies, and statistical comparisons were obtained
using either the paired (intragroup) or unpaired (in-
tergroup) Student's t test.
Dithiothreitol: Cage studies. The maximally effec-
tive dose and the time of administration of dith-
iothreitol (DTT), relative to the induction of acute
renal failure, were determined in preliminary experi-
ments. For these initial studies, a dose of DTT five
times the molal equivalent dose of administered UN
was arbitrarily chosen. This dose of DTT, 15.4
mg/kg of body wt, was prepared in 10% methyl cellu-
lose solution and was administered i.p. to seven
groups of rats 60 mm before to 180 mm after UN
injection (Fig. 1). The maximally effective time of
administration for this dose of DTT, as estimated
from the mean BUN concentration 48 hr after UN
injection, was between —30 mm and +30 mm. The
effect of various doses of DTT given 30 mm after UN
administration was determined in five groups of rats
(Fig. 2). There were no marked differences in mean
BUN concentration 48 hr after UN injection when
using 7.7 to 30.8 mg/kg of body wt of DTT. A dose
of 308 mg/kg of body wt of DTT, however, was
immediately lethal in six rats. A dose of 15.4 mg/kg
of body wt of DTT, administered at 30 mm after UN
injection, was utilized in all further studies of UN-
induced acute renal failure. Parallel studies of HgCI2-
induced acute renal failure indicated that the max-
imally effective dose of DTT was 30.8 mg/kg of body
wt (30.8 mg/mI of 10% methyl cellulose) i.p. at 30
mm after HgCl2 administration.
Groups of rats were placed in metabolic cages and
allowed to adjust to this environment for two days.
One 24-hr urine collection and tail vein plasma
sample was obtained prior to the induction of acute
renal failure. This represented the control study for
each rat. The rats were then divided into five groups:
1) DTT alone (30.8 mg/kg of body wt), 2) UN alone,
3) UN plus DTT, 4) HgCI2 alone, and 5) HgCl2 plus
Fig. 1. Mean blood urea nitrogen (BUN) concentration 48 hr after
uranyl nitrate (UN) administration (10 mg/kg body wt, sub-
cutaneously) (mean SEM) as a function of time of administration
of dithiothreitol (DDT) (15.4 mg/kg body wi, i.p.). DTT was
administered 60 mm prior to (—60) to 180 mm after (+ 180) the
injection of UN. For comparison, the mean BUN concentration
(+sD) 48 hr after UN alone is indicated in the shaded portion.
DTT. Urine collections were obtained for two con-
secutive 24-hr periods (0 to 24 hr and 24 to 48 hr) in
each study group. Tail vein plasma samples were
obtained 24 and 48 hr after injection. and FENR+
concentrations were obtained by meaning control
and 24-hr, or 24-hr and 48-hr values.
Renin-angiotensin system. The effect of DTT on
UN- and HgC12-induced alterations in renin activity
were determined in separate groups of animals, which
were similarly handled. We have previously demon-
strated a maximal effect of heavy metal on JGA renin
activity within six hours of injection [11]. The present
studies were, therefore, performed six hours after the
i.p. injection of: a) saline, 1 mI/kg of body wt (Cont);
b) DTT, 30.8 mg/kg of body wt (Cont plus DTT); c)
HgCl2 alone; d) HgCl2 plus DTT; e) UN alone; andf)
UN plus DTT. The preparation and procedures for
these studies have been described previously [10]. In
brief, the animals were anesthetized with pentobarbi-
tal (30 mg/kg of body wt, i.p.) and were placed on a
thermostatically controlled heated rat table; a poly-
ethylene catheter was inserted into the lower abdomi-
nal aorta. Approximately 30 mm later, a sample of
blood (0.5 ml) was obtained from the aorta catheter
and 1 to 1.5 ml of silicone rubber compound was
injected. The kidneys were removed and rapidly fro-
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Fig. 2. Mean blood urea nitrogen (BUN) concentration 48 hr after
uranyl nitrate (UN) administration (10 mg/kg body wt, sub-
cutaneously) (mean + SEM) as a function of dose of dithiothreitol(DDT) injected 30 mm later. The doses of DTT are indicated as
multiples of the molal equivalent dose of UN.
Zen. The blood sample was processed for determina-
tion of PRA, and the results expressed as generation
of angiotensin per ml of sample per hour of in-
cubation (ng/ml/hr). Superficial (S) and deep (D)
JGA's were microdissected using the intravascular
silicone rubber as a guide to dissection [10]. The renin
activities of single JGA's in excess sheep renin sub-
strate were determined [10] and are expressed as
angiotensin generated per JGA per hour of incuba-
tion (ng/JGA/hr),
203HgC12 distribution and recovery. The effect of
DTT, administered as noted in the preceding, on the
distribution and excretion of mercuric chloride 203
(203HgCl2) was determined in separate groups of rats
placed in metabolic cages. 203HgCl2 (10 mCi/lO ml)
was added in trace amounts to the mercuric chloride.
The resulting combination, 203HgCl2/HgCl2, was in-
jected in the standard dose, 4 mg/kg of body wt. The
urine excretion and tissue content of 203Hg were de-
termined in the following groups of rats: 1) 6 hr after
203HgCl2/HgCI2 alone, 2) 6 hr after 208HgCl2/HgCI2
plus DTT, 3) 24 hr after 203HgC12/HgCI2 alone, and 4)
24 hr after 203HgC12/HgCI2 plus DTT. At the com-
pletion of the interval of study, the rats were killed
and the 203Hg content of the following were deter-
mined: collected urine plus bladder urine; injection
site (2-cm diameter excised area of skin and sub-
cutaneous tissue); both kidneys; and the sum of other
organs, including heart, lung, liver, brain, spleen, and
gastrointestinal tract. The recovery of radioactive
material, as a percentage of injected dose, was calcu-
lated for each group of rats.
Results
Clearance studies. The results of studies obtained
after the injection of UN or HgCI2 alone or followed
by DTT are contained in Tables 1 and 2. DTT alone
did not result in any significant alteration in BUN
concentration, Cr or FENa+ at 24 hr or 48 hr after
injection. UN injected alone resulted in aZotemia,
diminished Ccr, and rising FENa+ without oliguria.
These changes progressed from 0 to 24 hr to 14 to 48
hr after UN injection. In contrast, when DTT was
administered 30 mm after UN injection there was no
significant alteration observed in BUN concentra-
tion, Ccr, or FENa+. The injection of HgCl2 alone
resulted in alterations qualitatively similar to but
more marked than those observed after UN alone.
When DTT was administered 30 mm after HgCI2,
there was still a significant, albeit much less marked,
increase in BUN concentration and a small rise in
Table 1. Alterations in renal function 24 and 48 hr after uranyl nitrate or uranyl nitrate plus dithiothreitol (DTT) administrations
BUN
mg/dl
Pcr
mg/dl
Cer
mi/mm
FEN
%
Uranyl nitrate (N = 18)
Control 17 0.7 0.5 + 0.01 1.46 0.07 0.96 0.07
24 hr 44 61b 0.9 + Q•1b 0.50 005b 2.63 + 025b
48 hr 129 10.1" 2.1 0.1" 0.19 0.03" 355 048"
Uranyl nitrate plus DTT (N = 15)
Control 16 0,8 0.5 0.02 1.49 0.09 0.97 0.07
24 hr 20 + 1.00 0.4 O.03c 1.08 O.08c 1.3 + 0.170
48 hr 21 2.2c 0.5 + 0.030 1,53 0.120 1.19 0.210
Abbreviations used are: BUN = blood urea nitrogen concentration; Pcr = plasma creatinine concentration; Ccr = creatinine clearance;
FENa+ = fractional excretion of sodium.
"Significantly different from control value, P < 0.001.
Significantly different from untreated group at some time interval, P < 0.05.
+
E
I
60 -
40 -
20
0—
I-I-0
0)
Co
>-
a'
Co
-cia'
E
E
'ci
a'
'ci
Co
E
C
Co
<I
2.5X 5X lox 20X 100X
Dose of DTT in multiples of the molal
equivalent dose of UN.
5 X 15.4 mg/kg of body wt of OTT
'1=6
118 Kleinman el a!
Table 2. Alterations in renal function 24 and 48 hr after mercuric chloride (HgCI2) or HgCI2 plus dithiothreitol (DTT) administrationa
BUN
mg/dl
PCr
mg/dl
Ccr
rn//mm
FEN+
%
l-IgCl2 (N= 18)
Control 18 0.7 0.5 0.01 1.49 0.07 1.12 0.06
24hr 97 + 4.6k 2.3 01b 0.13 + O.lO' 375 Ø13b
48 hr 165 + 13•1b 4.0 + 0.5" 0,06 0.10" 4.40 0.36"
HgCI2 plus DTT(N 18)
Control 16 0.7 0.4 + 0.06 1.60 0.11 1.20 0.14
24hr 26 + 1.1° 0.5 0.6° 1.38 + 0.16° 1.43 1.06°
48 hr 31 1.0° 0.5 + 0.07° 1.33 + 0.14° 1.96 0.50°
Abbreviations used are: BUN = blood urea nitrogen concentration; PCr = plasma creatinine concentration; Ccr = creatinine clearance;
FEN,+ = fractional excretion of sodium.
Significantly different from control value, P < 0.001.
Significantly different from untreated group at some time interval, P < 0.05.
plasma creatinine concentration. The alterations in-
duced by HgCI2 plus DTT in Cr and FENa+ were
quantitatively less than those observed after HgCI2
alone. DTT administration, therefore, prevented the
induction of acute renal failure by UN and resulted in
almost complete amelioration of the renal dysfunc-
tion induced by HgCI2.
Renin-angiotensin system. The results of determina-
tions of PRA and JGA renin activity in the various
groups of rats are depicted in Figures 3 and 4. The
mean PRA of 5.4 + 0.2 ng/ml/hr in rats 6 hr after
DTT administration alone (Cont plus DTT) was not
significantly different from that in rats injected with
saline alone (Cont, 5.3 + 0.3 ng/ml/hr). Six hours
after an injection of HgCI2 alone, PRA increased to
27.8 4.2 ng/ml/hr (P < 0.001 vs. saline control
rats). The group of rats receiving HgCI2 plus DTT
had a mean PRA value not significantly different
from either saline or DTT control groups. The mean
PRA after the administration of UN alone was 10.0
0.6 ng/ml/hr, a value significantly greater than
that observed in saline control rats (P < 0.005) or
rats receiving UN plus DTT (P < 0.005). A similar
pattern of results was observed in both S and D JGA
renin activities after infusions of UN or HgCl2 alone
or in combination with DTT. Both HgCl2 and UN
injections resulted in marked activation of the renin-
angiotensin system, as noted by changes in PRA and
JGA renin activities, 6 hr after injection. This activa-
tion was prevented by the administration of DTT.
CD
>
0
0
CD
L
>.
>
0
Co
C
a,
E
C,
1*
30
25
20
15
105fl
In each group,
N=6
Cont Cont HgCI2 HgCI2 Uranyl Uranyl
+ alone + nitrate nitrate
OTT OTT alone +
DTT
Fig. 3. Plasma renin activity (mean sEM) determinted in various
experimental groups 6 hr after sham saline injection alone (control
group) (Cont) or with diihiothreito/ (DTT) (Cont + DTT), mercuric
chloride (HgCl,) alone. HgCI, p/u.s DTT, uranyl nitrate alone, or
uranyl nitrate plus DTT. Values significantly different from control
(P < 0.02) are indicated by an asterisk (*),
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Fig. 4. Superficial (open bars) and deep (hatched bars) juxtaglomeru-
lar apparatus (JGA) renin activity (mean SEM) in the various
experimental groups. The numbers within the bars are thenumber of
JGA'sassayed over the number of animals studied. Values signifi-
cantly different from control (P < 0.02) are indicated by an aster-
isk (*).
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2t3HgCl2 distribution and recovery. The distribution
and recovery of 203HgC12 at 6 hr in untreated rats and
animals receiving DTT are presented in Figure 5. The
total renal 203HgC1 content, as a percentage of total
dose or when calculated per gram of kidney wt (8.2
0.8% g' and 7.5 + 0.6% g1 in treated and untreated
rats, respectively), was not different. The total recov-
ery of 203HgCl2 injected in DTT-treated rats was 92.6
1.8%, significantly greater (P < 0.02) than the
recovery in untreated rats, 78,8 3.0%. This differ-
ence was accounted for by the greater percentage of
203HgCl2 injected which remained within the injection
site (HgCI2 alone, 35.0 2.9%; HgCI2 plus DTT, 46.5
1.3%, P < 0.05). At 24 hr (Fig. 6), there were no
significant differences in total 203HgC12 recovery in
animals injected with HgCl2 alone or with DTT. In
rats receiving 203HgC12/HgCI2 alone, the total renal
content of 203Hg at 24 hr after injection (24.7 1.2%)
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was greater (P < 0.02) than the content observed 6 hr
after injection (16.5 + 1.0%). Total 203HgC12 recovery
in this group (91.7 2.4%, P < 0.05) was also greater
due to the increased renal accumulation of 203HgC12.
In comparing the 6-and 24-hr results of rats receiving
DTT and HgCI2, no significant differences in 208HgC12
recoveries were observed.
Discussion
Mercuric chloride (HgCI2) and uranyl nitrate (UN)
induce a predictable pattern of acute renal failure in
the rat [1—5, 12—14], characterized by progressive azo-
temia, diminution in glomerular filtration rate
(GFR), and as indicated in the present study, activa-
tion of the renin-angiotensin system. Prolonged salt-
loading, presumably acting by suppression of renal
renin activity [4], will ameliorate the acute renal fail-
ure induced by either UN [15] or HgCl2 [4]. The
0
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6 hr after 203Hg/Hg Cl2 + DTT
(N= 13)
Fig. 5. Percentage of recovery of 203HgCt2 6 hr after injection of
203HgCI2/HgCI, alone (top) or 203HgC12/HgCI, plus dithiothreitol
DTT) (bottom). Values (mean + SEM) significantly different (P <
0.05) from the untreated group are indicated by an asterisk (*).
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Fig. 6. Percentage of recovery of '°3HgCI2 24 hr after injection of
203HgC1,/HgClz alone (top) or 203HgC12/HgCI2 plus dithiothreitol(DTT) (bottom). Values are mean SEM.
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mechanism by which renin may participate in the
pathogenesis of acute renal failure was suggested by a
recent study [61. Six hours after uranyl nitrate injec-
tion, there were marked increases in distal tubule
sodium concentration and JGA renin activity asso-
ciated with decreases in single nephron GFR [6].
These results suggested that heavy metals may di-
rectly affect renal tubular electrolyte transport proc-
esses, and the resulting alterations in tubule fluid
composition at the macula densa may have activated
the mechanism of tubuloglomerular feedback. In the
present study, dithiothreitol (DTT) prevented or
markedly ameliorated heavy metal-induced altera-
tions in GFR, sodium excretion, and activation of the
renin-angiotensin system activity. These observations
suggest that the alterations observed in renal function
after heavy metal induction may be mediated by acti-
vation of the tubuloglomerular feedback mechanism,
and that these changes in renal function can be
markedly altered by measures other than prolonged
salt-loading.
Using the hypothesis that heavy metals may initi-
ate acute renal failure by activation of tubulo-
glomerular feedback, there are several possible ex-
planations for the effect of DTT. In order for either
HgCI2 or UN to affect electrolyte transport, it may be
necessary for the tubular epithelium to be exposed to
these heavy metals. Since DTT is a chelating agent, it
may act by preventing heavy metal access to tubular
epithelial cells, as suggested by the increased recovery
of 203HgCl2 at the site of injection at 6 hr. The lack of
a disparate renal accumulation of 203Hg at 6 or 24 hr
after HgC12 injection mitigates against this con-
clusion. DTT was not given until 30 mm after the
injection of either heavy metal, at which time-interval
both histochcmical and renal functional abnor-
malities were already apparent [6] (McDowell et al
and Zalme et al, to be published). Thus, at the time of
administration of DTT, heavy metal-tubule epithe-
hum interaction had already occurred, minimizing
the effect of DTT on limiting renal exposure to heavy
metals.
DTT may act by altering the effect of heavy metals
on epithelial transport functions. Using the urinary
bladder of the fresh water turtle, we have demon-
strated a direct inhibition of active sodium transport
by both HgCl2 and UN [7], which could not be
reversed by removal of the heavy metal from the
mucosal bathing media. The addition of DTT to the
mucosal side after exposure to HgCl2 or UN resulted
in complete reversal of inhibitory effects of either
heavy metal on sodium transport. The lack of an
increased FENa+ after either HgCl2 plus DTT or UN
plus DTT in the present study suggests that this effect
of DTT on sodium transport after heavy metals also
occurs in vivo. The mechanism by which heavy metals
affect epithelial transport processes, as well as the
mechanism by which DTT reverses this effect, are
complex. Both HgCl2 and UN appear to act by inhib-
iting sodium entry across the luminal cell membrane
without altering the passive permeability of the epi-
thehium to electrolytes [7], presumably due to an
interaction of heavy metal with some specific con-
stituent of the luminal cell membrane. DTT may
overcome this interaction by chelating the heavy
metal, and/or regenerating sulfhydryl groups which
were reduced as a direct result of the heavy metal.
It is also possible that DTT may act by preventing
the release of renin and the subsequent generation of
angiotensin. Were DTT to prevent renin release
alone, an increase in JGA renin activity would be
predicted in rats receiving DTT alone. To evaluate
the effect of DTT on angiotensin generation, DTT,
30.8 mg/mI, was added to aliquots of single JGA's,
obtained from control rats prior to incubation for
determination of renin activity. The generation rate
of angiotensin I with DTT, 19.4 2.1 ng/JGA/hr,
was not significantly different from the control value
of 18.9 1.6 ng/JGA/hr. Although further experi-
nicnts will be required to delineate the effect of DTT
on the activation of the renin-angiotensin system un-
der other conditions, these results are inconsistent
with a direct effect of this agent on renin release or
angiotensin generation.
In summary, DTT markedly alters the course of
heavy metal-induced acute renal failure. This effect of
DII may occur either as a result of heavy metal
chelation, and concomitant prevention of heavy
metal access to renal tubule epithelium, or sulfhydryl
group regeneration. Regardless of the mechanism,
the effect of DTT on the course of heavy metal-
induced acute renal failure was associated with pre-
vention of concomitant alterations in sodium excre-
tion and renin-angiotensin system activity. The pres-
ent study does not address the controversy
concerning whether activation of the renin-angioten-
sin system is causally or casually related to the in-
duction of acute renal failure. These results are con-
sistent with the speculation that heavy metals initiate
acute renal failure by activation of the tubulo-
glomerular feedback mechanism. Heavy metals, or
DTT, may also effectively alter renin-angiotensin sys-
tern activity by mechanisms other than tubuloglo-
merular feedback, such as changes in vascular tone
[16].
Reprint requests to Dr. W. Flamenbaum, Renal Section, Boston
VA Hospital, 150 South Huntington Avenue, Boston, Massachusetts
02/30, U.S.A.
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